Water-In-Oil Pickering Emulsions Stabilized by Water-Insoluble Polyphenol Crystals by Zembyla, M et al.
Water-In-Oil Pickering Emulsions Stabilized by Water-Insoluble
Polyphenol Crystals
Morfo Zembyla, Brent S. Murray, and Anwesha Sarkar*
Food Colloids and Processing Group, School of Food Science and Nutrition, University of Leeds, Leeds LS2 9JT, U.K.
*S Supporting Information
ABSTRACT: In recent years, there has been a resurgence of
interest in Pickering emulsions because of the recognition of
the unique high steric stabilization provided by particles at
interfaces. This interest is particularly keen for water-in-oil
(W/O) emulsions because of the limited range of suitable
Pickering stabilizers available. We demonstrate for the ﬁrst
time that W/O emulsions can be stabilized by using crystals
from naturally occurring polyphenols (curcumin and
quercetin particles). These particles were assessed based on
their size, microstructure, contact angle, interfacial tension,
and ζ-potential measurements in an attempt to predict the way that they act as Pickering stabilizers. Static light-scattering results
and microstructural analysis at various length scales [optical microscopy, confocal laser scanning microscopy (CLSM), and
scanning electron microscopy (SEM)] conﬁrmed that the quercetin particles has a nearly perfect crystalline rod shape with a
high aspect ratio; that is, the ratio of length to diameter (L/D) was ca. 2.5:1−7:1. On the other hand, the curcumin particles
(d3,2 = 0.2 μm) had a polyhedral shape. Droplet sizing and CLSM revealed that there was an optimum concentration (0.14 and
0.25 wt % for quercetin and curcumin, respectively) where smaller water droplets were formed (d3,2 ≈ 6 μm). Interfacial shear
viscosity (ηi) measurements conﬁrmed that a stronger ﬁlm was formed at the interface with quercetin particles (ηi ≈ 25 N s
m−1) rather than with curcumin particles (ηi ≈ 1.2 N s m−1) possibly because of the diﬀerence in the shape and size of the two
crystals. This study provides new insights into the creation of Pickering W/O emulsions with polyphenol crystals and may lead
to various soft matter applications where Pickering stabilization using biocompatible particles is a necessity.
■ INTRODUCTION
Water-in-oil (W/O) emulsions are widely used for diﬀerent
soft matter applications in food, pharmaceutical, personal care,
agriculture, and so forth. Recently, the use of Pickering
particles as stabilizers for emulsions has gained signiﬁcant
attention owing to their ability to adsorb irreversibly at the
liquid/liquid interface.1,2 Pickering stabilization arises when
particles accumulate at the water−oil (W/O) interface forming
a mechanical (steric) barrier that protects the emulsion
droplets against coalescence.3 Eﬀective Pickering stabilization
is achieved when the average size of the adsorbed particles is at
least an order of magnitude smaller than the emulsion droplet
size.4,5
The size of the particles dispersed in the continuous phase is
an important parameter that determines the Pickering
functionality. Simple geometrical consideration can be used
to estimate the minimum amount of surface-active particles
required for adequate surface coverage in order to form stable
emulsions.6 The particle contact angle (θ) represents the
wettability of a particle at the interface, identifying whether the
particle preferentially resides in the water or oil phase.7 If θ,
measured in the aqueous phase, is smaller than 90°, a larger
fraction of the particle surface will reside in the aqueous rather
than in the nonpolar phase; that is, the particle is more
hydrophilic and will tend to stabilize an O/W emulsion.
However, if θ is greater than 90°, the particle will reside more
in the oil phase; that is, the particle is more hydrophobic and
will stabilize W/O emulsions. Maximum adsorption occurs
when particles are wetted equally by oil and water and have a
contact angle of exactly 90°.7,8 The stability of Pickering
emulsions is usually inversely proportional to the particle size;
smaller particles will give a higher packing eﬃciency and
therefore a more homogeneous layer at the interface
preventing coalescence.9,10 Particle size also has a direct eﬀect
on the energy of desorption (ΔGd), and if adsorption occurs,
smaller particles provide lower ΔGd, according to eq 1 as
follows:
G r (1 cos( ) )d
2
ow
2π γ θΔ = ± | | (1)
where γow is the interfacial tension between the oil and water
phases, |cos(θ)| is the modulus of cos(θ), θ is the particle
contact angle (the sign inside the bracket is negative if the
particles are removed into the water phase and positive if
removed into the oil phase), and r is the particle radius, that is,
assumed spherical. Thus, smaller particles can more easily
detach from the W/O interface than larger ones.10 However, it
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should be noted that even particles with just a few 10 s of
nanometer in radius can have a ΔGd of several 1000 kBT at 298
K.5 Note that this assumes that the particles are perfectly
spherical, and thus, eq 1 is rarely directly applicable in real
systems. Nonspherical particles of the same volume and the
same material as spherical particles will have a greater speciﬁc
surface area and therefore higher desorption energies than the
equivalent spherical particles.11
Mostly, synthetic particles, such as hydrophobic silica,
modiﬁed cellulose, polystyrene latex, microgels from cross-
linked poly(N-isopropylacrylamide)-co-methacrylic acid, and
so forth, have been used in the literature to stabilize W/O
emulsions.12−17 Therefore, there is an enormous opportunity
to identify a new class of particles for the stabilization of W/O
emulsions where the particles are based on natural,
biodegradable, and renewable resource ingredients that are
immediately suitable for soft matter applications (food,
pharmaceuticals, cosmetics, agrochemicals, etc.), for which
biocompatibility is a key requirement. In this regard,
polyphenol crystals would be promising biocompatible
Pickering stabilizers. Polyphenol molecules have the character-
istics of a particular plant species and even particular organs or
tissues of that plant species and have received signiﬁcant
attention in recent years because of their reported biological
activities and widespread occurrence in the diet.18 Fruits,
vegetables, leaves, seeds, and other types of foods and
beverages such as tea, chocolate, and wine are rich sources
of polyphenols.19
Luo et al.6 suggested for the ﬁrst time that polyphenol
crystals may be adsorbed at the liquid−liquid interface. The
authors identiﬁed that some common polyphenols can act as
stabilizers for O/W emulsions through their adsorption as
water-insoluble particles to the surface of the oil droplets. It
was demonstrated that polyphenols with diﬀerent log P values,
where P is the partition coeﬃcient between n-octanol and
water, can act as Pickering stabilizers at the O/W interface,
stabilizing emulsions for several weeks without any obvious
visual changes.6 The log P value can be used to identify the
hydrophilicity of a polyphenol molecule. However, Pickering
stabilization depends on the hydrophilic/hydrophobic balance
of the particles, not their molecules, and no simple relationship
seemed to exist between log P and the ability to stabilize O/W
emulsions. More importantly, here the ability of polyphenol
crystals to stabilize W/O emulsions apparently still remains
uninvestigated.
In this study, quercetin and curcumin particles were
investigated for their potential to act as Pickering stabilizers
for W/O emulsions because of their widespread availability,
“clean-label” feature, and biocompatibility. Curcumin is a
natural low-molecular-weight polyphenolic compound found
in the rhizomes of the perennial herb turmeric (Curcuma
longa).20 From a structural viewpoint, curcumin (Figure 1a)
comprises two aromatic rings with methoxyl and hydroxyl
groups in the ortho position with respect to each other.21 The
aromatic rings are connected through seven carbons that
contain two α,β-unsaturated carbonyl groups.21 As a result,
curcumin exists in three possible forms, two isomers in an
equilibrating keto−enol tautomeric form and the α,β-diketonic
tautomeric form.22 The polar hydroxyl/ketone groups are
expected to impact hydrophilicity, whereas the aromatic/
aliphatic parts would be expected to make the molecule more
hydrophobic. Quercetin is a ﬂavonoid characterized by its C6−
C3−C6 basic backbone and is found in onions, kale, French
beans, broccoli, and so forth.23 Quercetin (Figure 1b) has
hydroxyl groups that impart hydrophilic characteristics,
whereas the ring structures impact the hydrophobicity; thus,
it can be described as an amphiphilic molecule.6 Both
curcumin and quercetin are relatively insoluble in water with
high log P values of 3.29 and 2.16, respectively, and appear to
be relatively insoluble in vegetable oils. The maximum
solubility of curcumin and quercetin in vegetable oils has
been reported to be 0.02 and ∼0.017 wt %, respectively, which
suggests that these materials would have been predominantly
in their insoluble particle (crystal) form in the soybean oil.24,25
First, the interfacial properties of these particles dispersed in oil
were investigated in terms of their size, wettability, and
interfacial behavior to assess their potential as Pickering
stabilizers. Second, the characteristics of W/O emulsions
stabilized by curcumin or quercetin particles were evaluated
using a range of complimentary physical and microstructural
techniques at diﬀerent pH values. To our knowledge, the
present study is the ﬁrst report of the use of polyphenol
crystals to stabilize W/O emulsions.
■ MATERIAL AND METHODS
Materials. Curcumin (an orange-yellow powder) from turmeric
rhizome (95 wt % total curcuminoid content) was obtained from Alfa
Aesar (UK). Quercetin (≥95%) in the form of a yellow crystalline
solid was purchased from Cayman Chemicals (USA). Both
polyphenols were used without further puriﬁcation. Soybean oil
(KTC Edibles, UK) was purchased from a local store. Aluminum
oxide, 99%, extra pure, was used for soybean oil puriﬁcation in some
experiments and was purchased from Acros Organics (Belgium).
Water puriﬁed by treatment with a Milli-Q apparatus (Millipore,
Bedford, UK) with a resistivity not less than 18 MΩ cm was used for
the preparation of emulsions. A few drops of hydrochloric acid (0.1 M
HCl) or sodium hydroxide (0.1 M NaOH) were used to adjust the
pH of the emulsions. Sodium azide was purchased from Sigma-
Aldrich (USA).
■ EXPERIMENTAL SECTION
Contact Angle and Wettability. The hydrophilic/hydrophobic
character of the polyphenol crystals was evaluated in terms of their
wettability. The wettability measurements were carried out at 25 °C
using a OCA25 drop-shape tensiometer (DataPhysics Instruments,
Germany) ﬁtted with a microsyringe and a high-speed camera.
Compressed discs of the particulate materials were prepared by
placing 0.3 g of curcumin or quercetin crystals between the plates of a
hydraulic bench press (Clarke, UK) using a 1.54 cm diameter die
under a weight of 6 tonnes for 30 s. Static contact angles were
measured using the sessile drop method. Water or oil droplets (3 μL)
were produced using a straight needle of 0.52 mm outer diameter and
0.26 mm internal diameter, to form a sessile drop onto the
compressed particle disc surfaces. A video camera was used to record
the droplet behavior. The droplet contour was ﬁtted using the SCA
software, and the contact angles between the particle substrate and
the water (θw) or oil droplet (θo) were measured. All measurementsFigure 1. Structures of curcumin (a) and quercetin (b) molecules.
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were carried out in triplicate, and error bars represent the standard
deviations.
Interfacial Tension. The interfacial tension (γ) measurements
were performed between the soybean oil with or without the presence
of polyphenol crystals and Milli-Q water (pH 3) using the pendant
drop method in a DataPhysics OCA tensiometer (DataPhysics
Instruments, Germany). The apparatus includes an experimental cell,
an optical system for the illumination and the visualization of the drop
shape, and a data acquisition system. An upward bended needle was
used to immerse a drop of a lower density liquid into a higher density
one. Thus, a drop of soybean oil or oil suspension (0.14 wt %
curcumin or quercetin dispersed in soybean oil) was formed at the tip
of the needle and suspended in the cuvette containing Milli-Q water,
at pH 3. The contour of the drop extracted by the SCA 20 software
was ﬁtted to Young−Laplace equation to obtain γ. All measurements
were carried out in triplicate, and error bars represent the standard
deviations.
Preparation of Oil Dispersions and W/O Emulsions.
Curcumin or quercetin dispersions were prepared by dispersing
these polyphenol crystals in the continuous phase (soybean oil) using
an Ultra-Turrax T25 mixer (Janke & Kunkel, IKA-Labortechnik) with
a 13 mm mixer head (S25N-10 G) operating at 9400 rpm for 5 min.
The aqueous phase was Milli-Q water at pH 3. The pH of the water
was adjusted by adding few drops of 0.1 M HCl, and 0.02% sodium
azide was added into the aqueous phase as a preservative. Coarse
emulsions were prepared by homogenizing 5 wt % of the aqueous
phase with 95 wt % of the oil phase using an Ultra-Turrax mixer for 2
min at 13 400 rpm. Fine emulsions were prepared by passing the
coarse emulsions through a high-pressure Leeds jet homogenizer,26
twice, operated at 300 bar. The initial temperature of the particle
dispersion was 21 °C. The temperature of the dispersion was 23 and
26 °C after Ultra-Turrax mixing at 9400 rpm/5 min and 13 400 rpm/
2 min, respectively. The temperature of particle dispersion after
passing through the jet homogenizer (two passes) was 33−34 °C.
These slight temperature increases were too low to have any
signiﬁcant impact on the solubility of the particles. Immediately after
preparation, the emulsions were sealed in 25 mL cylindrical tubes
(internal diameter = 17 mm) and stored at room temperature in a
dark place.
Particle and Emulsion Droplet Size Measurements. Particle
and emulsion droplet size distributions were measured using static
light scattering (SLS) via a Mastersizer Hydro SM small-volume wet
sample dispersion unit (Malvern Instruments, UK). Average droplet
size was monitored via the Sauter mean diameter, d3,2, or the volume
mean diameter, d4,3, deﬁned by
d
n d
n d
i i
i i
ab
a
b=
∑
∑ (2)
where ni is the number of droplets of diameter di.
Refractive indices of 1.42, 1.82, and 1.47 for curcumin, quercetin,
and soybean oil were used, respectively, for particle size measure-
ments. For size measurements of water droplets, refractive indices of
1.33 and 1.47 were used for water and soybean oil, respectively.
Absorption coeﬃcients of 0.01, 0.1, and 0.01 for curcumin, quercetin,
and water were used, respectively. All measurements were made at
room temperature on at least three diﬀerent samples.
ζ-Potential Measurements. The ζ-potential measurements of
curcumin and quercetin dispersions in water at pH 3 and 7 values
were performed using a Nanoseries ZS instrument (Zetasizer Nano-
ZS, Malvern Instruments, Worcestershire, UK). The instrument
software was used to convert the electrophoretic mobility into ζ-
potential values using the Smoluchowski assumption (see eq 3).
Polyphenol dispersions were prepared by mixing the polyphenol
crystals (0.14 wt %) with water at pH 3 or 7, via an Ultra-Turrax
mixer operating at 9400 rpm for 5 min. The pH of freshly prepared
suspensions was adjusted at pH 3 and 7 using 0.1 M HCl or NaOH.
Three readings of ζ-potential were made per sample.
The ζ-potential was calculated from the measured electrophoretic
mobility using the Henry equation27
U
f ka2 ( )
3E
εζ
η
=
(3)
where UE is the electrophoretic mobility, ζ is the zeta-potential, ε is
the dielectric constant of water, η is the viscosity of water, and f(ka) is
Henry’s function, assumed equal to 1.5 using the Smoluchowski
approximation. It should be noted that although in W/O emulsions
the particles were dispersed in oil, we cannot use this equipment for
measuring the ζ-potential in such nonaqueous systems. However, it
was expected that the ζ-potential measured in the aqueous phase
might provide some insights into the behavior of the crystals when
partially wetted by water at the W/O interface.
Optical Microscopy. A drop of the curcumin or quercetin
dispersion (0.14 wt %) was placed on a microscope slide and then
covered with a cover slip (0.17 mm thickness). The size and shape of
the polyphenol crystals were observed using a liquid-crystal display
digital microscope (PentaView, Celestron, USA). The samples were
scanned at room temperature (25 ± 1 °C) using 20×/0.4 objective
lenses.
Scanning Electron Microscopy. The particle morphology of the
curcumin and quercetin crystals was imaged using a scanning electron
microscope (Nova NanoSEM450, FEI, USA). Curcumin or quercetin
dispersions were prepared as described above and ﬁltered through
0.20 or 0.45 μm ﬁlter papers, respectively. The particles on the ﬁlter
paper were left overnight in a vacuum oven at 25 °C. Then, they were
coated with iridium (4 nm) and analyzed using a 2 keV beam to
prevent damage to the sample.
Confocal Laser Scanning Microscopy. The microstructure of
the W/O emulsion droplets was observed using a confocal
microscope (Zeiss LSM700 inverted, Germany). The emulsions
were gently agitated before analysis to ensure that a homogeneous
sample was observed. Approximately 80 μL of the samples was placed
into a laboratory-made welled slide and a cover slip (0.17 mm
thickness) was placed on top, ensuring that there was no air gap (or
bubbles) trapped between the sample and the coverslip. The samples
were scanned at room temperature (25 ± 1 °C) using 20×/0.5
objective lens. Autoﬂuorescence from the particles was excited using
488 and 405 nm lasers for curcumin and quercetin crystals,
respectively.
Interfacial Shear Viscosity (ηi). A two-dimensional Couette-type
interfacial viscometer28,29 was operated in a constant shear rate mode.
A stainless steel biconical disc (radius 15.0 mm) was suspended from
a thin torsion wire with its edge in the plane of the W/O interface of
the solution contained within a cylindrical glass dish (radius 72.5
mm). For these measurements, 0.14 wt % curcumin and quercetin
particles were dispersed in puriﬁed or nonpuriﬁed oil using the Ultra-
Turrax mixer at 9400 rpm for 5 min. For the experiments with
puriﬁed oil, the oil was puriﬁed with aluminum oxide to eliminate free
fatty acids and surface-active impurities that may aﬀect the
measurements. A mixture of oil and aluminum oxide in a proportion
of 2:1 w/w was stirred for 3 h and centrifuged at 4000 rpm for 30
min.
The constant shear rate apparent interfacial viscosity, ηi, is given by
the following equation:
g
K( )i
f
oη ω
θ θ= −
(4)
where K is the torsion constant of the wire, θ is the equilibrium
deﬂection of the disc in the presence of the ﬁlm, θo is the equilibrium
deﬂection in the absence of the ﬁlm, that is, due to the bulk drag of
the sub-phase on the disc, gf is the geometric factor, and ω is the
angular velocity of the dish. A ﬁxed value of ω = 1.27 × 10−3 rad s−1
was used.
■ RESULTS AND DISCUSSION
Assessment of Polyphenol Crystals as Pickering
Stabilizers. Size and Shape of Curcumin and Quercetin
Crystals Dispersed in Oil. In this study, the size of the
curcumin and quercetin crystals dispersed in soybean oil was
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measured after treatment with the Ultra-Turrax mixer at 9500
rpm for 5 min as shown in Figure 2. The particle size
distribution shows that curcumin particles were polydisperse
with d3,2 and d4,3 values of 0.2 and 20.5 μm, respectively. In
comparison, quercetin particles were more monodisperse with
d3,2 and d4,3 values of 5.9 and 14.9 μm, respectively. The sizes
of the particles passed through all the stages of the
homogenization process (Ultra Turrax 9400 rpm/5 min, 13
400 rpm/2 min and jet homogenizer, two passes, at 300 bar)
are shown in the Supporting Information, Figure S1 and Table
S1. The jet homogenizer produced a slight milling eﬀect, but
this appeared to predominantly aﬀect the larger crystals or
their aggregates (>10 μm). The overall particle distributions,
which were quite broad, still remained largely in the
micrometer range and were comparable with Figure 2,
although Figure 2 also shows that the curcumin part of the
distribution extends to smaller sizes compared to the quercetin
part.
The microstructure of curcumin (Figure 3) and quercetin
(Figure 4) dispersions in soybean oil was observed using
optical microscopy, confocal laser scanning microscopy
(CLSM), and scanning electron microscopy (SEM) at
diﬀerent magniﬁcations. The curcumin particles appeared to
have a rather polyhedral shape, whereas the quercetin particles
had a nearly perfect microcrystalline structure with a rod shape.
The results from the size distribution plots measured using the
Mastersizer (Figure 2) can be conﬁrmed from the ﬁgures of
curcumin (Figure 3a−c) and quercetin (Figure 4a−c) particles
at lower magniﬁcation. For curcumin particles, there was a
range of diﬀerent sizes (0.5−15 μm); however, for quercetin,
the particles had a length of 5−35 μm and a ratio of length to
diameter (L/D) of around 2.5:1−7:1. At higher magniﬁcation
for both curcumin (Figure 3d) and quercetin (Figure 4d)
particles, it was clear that the particles were aggregates of
smaller particles, probably because of the ﬁltration used on the
preparation procedure. The microstructure of curcumin and
quercetin powders was observed using SEM at diﬀerent
magniﬁcations (see Supporting Information, Figure S2). It can
been observed that the shape of the crystals in the powdered
form was very similar to that of the ones dispersed in oil
(Figures 3c,d and 4c,d), indicating that there was no change of
the crystal habit when they were passed through the stages of
the emulsiﬁcation process.
Contact Angle and Wettability of Polyphenol Particles.
The hydrophilic/hydrophobic character of particles can be
identiﬁed via their wettability (the tendency of one liquid to
spread on a solid surface) in aqueous and oil phases.10 When
the contact angle of a water droplet, θw, signiﬁcantly exceeds
the contact angle of an oil droplet, θo, the particles can be
categorized as hydrophobic. In other words, they are
preferentially wetted by oil and will tend to stabilize W/O
rather than O/W emulsions.30
In this study, both curcumin and quercetin particles had θw
values exceeding their θo values, indicating that both possess a
hydrophobic character as shown in Table 1. For curcumin
particles, θw at pH 3 was signiﬁcantly larger than that at pH 7.
This agrees with Tønnesen et al.31 that the curcumin molecule
is hydrophobic with a very low water solubility (11 ng/mL at
25 °C) because of its aliphatic chains.32 Quercetin particles
had a lower θw than curcumin particles, probably because of
the presence of more −OH groups on their backbone and the
formation of hydrogen bonds with water molecules. Quercetin
Figure 2. Particle size distribution of curcumin (solid black line, 0.14
wt %) and quercetin (red dashed line, 0.14 wt %) particles dispersed
in soybean oil.
Figure 3. Microstructure of curcumin dispersion (0.14 wt %) in
soybean oil at various length scales: optical microscopy (a), CLSM at
488 nm excitation (b), SEM at lower magniﬁcation (250×) (c), and
SEM at higher magniﬁcation (2000×) (d). Scale bar is 20 μm.
Figure 4. Microstructure of quercetin dispersion (0.14 wt %) in
soybean oil at various length scales: optical microscopy (a), CLSM at
405 nm excitation (b), SEM at lower magniﬁcation (250×) (c), and
SEM at higher magniﬁcation (2000×) (d). Scale bar is 20 μm.
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crystal structure can be described as layers of hydrogen bond
dimers. These dimers form a two-dimensional net connected
through a hydrogen bonding network with water molecules
present in the quercetin.33 Therefore, quercetin molecules can
pack in a way that some of the −OH groups are not exposed to
the continuous phase, giving a hydrophobic nature to the
particle surface. It can be observed that the diﬀerent pH values
did not aﬀect the contact angle on the quercetin particles as
much as for curcumin. The same eﬀect was observed for the oil
phase.
From these values, we estimated the three-phase contact
angle (θ) of the polyphenol particles at the W/O interface via
Young’s equation (see Table 1). We used measured values of
70.8, 32.5, and 26.4 mN/m for 0.14 wt % curcumin in oil and
71.5, 33.4, and 26.4 mN/m for 0.14 wt % quercetin in oil for
the A/W, A/O, and W/O interfacial tensions, respectively (see
Supporting Information, Table S2). Note that the A/W
tensions were measured after contacting the oil phase with
water and are very close to the value for pure water (72.0 mN/
m), suggesting little solubilization of surface-active compo-
nents from the oil into the aqueous phase. Similarly, the W/O
tension value measured for puriﬁed soybean oil without
polyphenols was ∼32 mN/m (see Supporting Information,
Table S3), only slightly higher than the value of ∼26 mN/m
measured in the presence of curcumin or quercetin (in
nonpuriﬁed oil). This suggests limited solubilization of the
polyphenol crystals in the oil and their molecular adsorption at
the W/O interface. The calculated θ values are 175 and 116°
for curcumin at pH 3 and 7, respectively, and 81 and 79° for
quercetin at pH 3 and 7, respectively. Although one should
view these values with some caution because the components
from the oil could still adsorb to the surfaces of the crystals and
aﬀect their microscopic contact angles. It is interesting to apply
these values to eq 1 and calculate possible ΔGd. Assuming a
spherical particle of radius 0.1 μm, one obtains values of 8.0 ×
105 and 4.2 × 105 kBT for curcumin at pH 3 and 7,
respectively, and 2.7 × 105 and 2.9 × 105 kBT for quercetin at
pH 3 and 7, respectively. Note that for r = 1 μm (closer to the
size of the majority of the particles observed), all these values
would be 100× higher, conﬁrming that there is a very strong
driving force for the crystals to get trapped at the interface. The
θ and ΔGd calculations therefore conﬁrm the above discussion
of the relative hydrophobicities of the crystals based on just
their water/solid and oil/solid contact angles (Table 1). The
relatively small lowering of the W/O interfacial tension in the
presence of the particles is also another characteristic of
Pickering stabilization (see Supporting Information, Table
S3).34,35
ζ-Potential Measurements. The surface charge and there-
fore the ζ-potential of particles are frequently pH-dependent
and can potentially aﬀect particle dispersion/aggregation.30 It
was not possible to measure the ζ-potential of particles
dispersed in soybean oil. Therefore, in order to predict how the
particles might behave when they adsorb at the W/O interface,
the ζ-potential of those particles dispersed in the aqueous
phase was measured because this might have some relevance to
the behavior of the particles when partially wetted by water at
the W/O interface. Table 2 shows the ζ-potential of curcumin
and quercetin particles dispersed in water at pH 3 and 7. The
curcumin particles had a positive charge at pH 3, but at pH 7,
they became strongly anionic. Under alkaline conditions,
curcumin can be dissolved sparsely in water as the acidic
phenolic group in curcumin donates its H+ ion, forming the
phenolate ion enabling dissolution.21 On the other hand,
quercetin had negative charge at both pH values and rose from
−26.2 to −48.1 mV. The C7−OH on the quercetin nucleus
also behaves as a polyprotic acid undergoing dissociation at
alkaline conditions (>pH 7) by imparting a negative charge.36
As the particles become more highly charged, they are likely to
be less hydrophobic and less surface-active.36 Thus, the ζ-
potential results predict that both curcumin and quercetin
would be more surface-active at the lower pH. Most notably,
curcumin at pH 3 is predicted as the most hydrophobic from
the above contact angle measurements, which agrees with the
lowest absolute magnitude of ζ-potential in contact with water
and also with the population of crystals in the lower size range
observed in Figure 2. In other words, curcumin is more easily
dispersed in the oil phase (as also noted in the confocal
observations discussed below).
W/O Emulsions. Eﬀect of Particle Concentration and pH
on the Stability of W/O Pickering Emulsion Droplets. Water
droplet size distributions of the particle-stabilized W/O
emulsions are shown at diﬀerent concentrations of particles
(0.06−1.5 wt %) in Figure 5a,b. In this case, the aqueous phase
was adjusted to pH 3. Emulsions prepared at 0.06 wt % of
either curcumin or quercetin particles were not as stable as
those with higher concentrations of particles; they tended to
coalesce, and the size of the water droplets increased
dramatically within 3 days. On the other hand, the size of
emulsion droplets prepared at higher concentrations of
particles (>0.14 wt %) did not change signiﬁcantly after 7
Table 1. Measured Contact Angles of Water Droplets (pH 3 and 7) on Polyphenol Crystals in Air (θw) and Oil Droplets on
Polyphenol Crystals in Air (θo); Also Shown Is the Calculated Three-Phase Contact Angle (θ) at the W/O Interface in the
Aqueous Phase (pH 3 and 7)a
contact angle at the polyphenol, water, or oil and air interface/deg three-phase contact angle/deg
aqueous phase (θw) aqueous phase
particle type pH 3 pH 7 oil phase (θo) pH 3 pH 7
curcumin 85.6 ± 0.4 73.4 ± 1.2 11.9 ± 2.0 175.3 ± 1.0 115.7 ± 2.1
quercetin 60.2 ± 0.7a 59.4 ± 0.4a 19.8 ± 0.5 80.9 ± 2.1b 79.1 ± 1.4b
aSamples with the same letter do not diﬀer signiﬁcantly (p > 0.05) according to Tukey’s test.
Table 2. ζ-Potential (mV) of Curcumin and Quercetin
Particles (0.14 wt %) Dispersed in the Aqueous Phase at pH
3 and 7a
particle type pH 3 pH 7
curcumin 12.0 ± 2.2 −47.6 ± 2.4*
quercetin −26.2 ± 1.2 −48.1 ± 1.2*
aSamples with * do not diﬀer signiﬁcantly (p > 0.05) according to
Tukey’s test.
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days, although some particle sedimentation was observed. The
lack of stability of emulsions at 0.06 wt % of particles suggests
incomplete droplet surface coverage by the limited quantity of
particles available, leading to coalescence. In the size
distribution plots for both sets of emulsions (Figure 5a,b),
smaller peaks were observed (≤1 μm), probably because of the
nonadsorbed particles remaining in the continuous phase
because the SLS technique cannot distinguish between
emulsion droplets and polyphenol particles as scattering
centers.37 These peaks were more obvious in the curcumin-
stabilized emulsions, perhaps indicating that curcumin particles
were less completely adsorbed at the interface. This was also
observed in the confocal images of emulsions (see later). In
addition, signiﬁcant particle sedimentation was observed
especially at highest concentrations (0.5 and 1.5 wt %) for
both curcumin and quercetin. Higher water volume fraction
(10:90 wt % w/o ratio) was tested. The results show that for
both curcumin and quercetin particles, the size of the water
droplets was signiﬁcantly bigger (20−24 μm) (see Supporting
Information, Figure S3) than the size of the water droplets (7−
9 μm) at lower volume fraction (5:95 wt % w/o ratio, Figure
6). In addition, fewer peaks were observed at ≤1 μm region,
indicating that more crystals were absorbed at the interface.
As discussed above, some smaller peaks (≤1 μm) were
observed in the size distribution plots (Figure 5a,b) for both
curcumin and quercetin particles because of the presence of
free particles in the continuous phase (the peaks were
separated by a dashed line). Therefore, the actual water
droplet size can be identiﬁed from the peaks above 1 μm for
both particle stabilizers and are shown in Figure 6 (the d3,2
values were recalculated for water droplets (>1 μm) for both
systems). Smaller water droplets were identiﬁed at the particle
concentrations of 0.14 and 0.25 wt % for quercetin and
curcumin, respectively. At a particle concentration below 0.25
wt % for curcumin and 0.14 wt % of quercetin, there were not
enough particles to fully cover the water droplets. However, at
the concentrations indicated above (0.25 wt % for curcumin
and 0.14 wt % of quercetin), there was a maximum surface
coverage, and minimum d3,2 values were observed. By
increasing the concentration of polyphenol particles above
0.25 wt %, the d3,2 value started to increase. This reﬂects the
competition between particle adsorption at the interface and
particle aggregation in the oil phase as the particle
concentration increased. At a very high concentration of
particles (1.5 wt %), the aggregation mechanism in the bulk oil
phase appeared to dominate, depleting the particles that could
have contributed to the stabilization of the water droplets,
otherwise.
W/O Pickering emulsions were also prepared at pH 7.
Droplet size distributions for both emulsions (Figure 7a,b)
show very similar trends at all particle concentrations with no
signiﬁcant change in the mean size. However, for all the
systems, the size of the water droplets increased signiﬁcantly
within 3 days, indicating unstable emulsions. In addition, as
observed at pH 3, some smaller peaks below 1 μm were seen
for both particles (the peaks were separated by a dashed line,
and the d3,2 values were recalculated for water droplets as
above), but the peaks in curcumin-stabilized emulsions were
much larger than those in quercetin, again indicating that
curcumin was not as eﬃciently adsorbed to the interface at pH
7.
Figure 8a,b compares the calculated mean droplet sizes (i.e.,
>1 μm) at diﬀerent particle concentrations and diﬀerent pH
values. For curcumin-stabilized emulsions with an aqueous
phase of pH 7, the mean size of the water droplets was similar
at all curcumin concentrations, d3,2 = 9−10 μm. Similarly,
quercetin-stabilized emulsions at pH 7 were similar in size at
Figure 5. Mean water droplet size distributions and corresponding visual images of W/O Pickering emulsions (5:95 wt % w/o ratio) stabilized by
curcumin (a) and quercetin (b) crystals at diﬀerent particle concentrations; 0.06 wt % [black square] and [I], 0.14 wt % [red circle] and [II], 0.25
wt % [blue triangle] and [III], 0.5 wt % [pink open square] and [IV], 1.5 wt % [green open circle] and [V] curcumin or quercetin particles at pH 3.
The dashed line separates the unabsorbed particles remaining in the continuous phase (≤1 μm) and water droplets.
Figure 6. Mean droplet size of water droplets (d3,2) stabilized by
curcumin [black square] or quercetin [red circle] particles at diﬀerent
concentrations: 0.06, 0.14, 0.25, 0.5, and 1.5 wt %. The pH of the
aqueous phase was adjusted to pH 3. Error bars represent standard
deviation of at least three independent experiments. Samples with *
do not diﬀer signiﬁcantly (p > 0.05) according to Tukey’s test.
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Figure 7. Mean water droplet size distributions and corresponding visual images of W/O Pickering emulsions (5:95 wt % w/o ratio) stabilized by
curcumin (a) and quercetin (b) crystals at diﬀerent particle concentrations: 0.14 wt % [red circle] and [I], 0.25 wt % [blue triangle] and [II], and
0.5 wt % [pink open square] and [III] curcumin or quercetin particles at pH 7. The dashed line separates the unabsorbed particles remaining in the
continuous phase (≤1 μm) and water droplets.
Figure 8. Mean droplet size (d3,2) of the W/O Pickering emulsions versus pH for curcumin (a) and quercetin (b) at diﬀerent particle
concentrations: 0.14 wt % [black], 0.25 wt % [gray], and 0.5 wt % [white]. Error bars represent standard deviation of at least three independent
experiments. Bars with the same letter do not diﬀer signiﬁcantly (p > 0.05) according to Tukey’s test for each polyphenol crystal at the two diﬀerent
pH values used.
Figure 9. Confocal images of W/O Pickering emulsions (5:95 wt % w/o ratio) stabilized by curcumin (red) particles at diﬀerent concentrations:
0.06 (a), 0.14 (b), 0.25 (c), 0.5 (d), and 1.5 wt % (e). The pH of the aqueous phase was adjusted to pH 3. The scale bar is equal to 20 μm. The
brightness in the images is caused by autoﬂuorescence of the curcumin particles (488 nm excitation).
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all concentrations, d3,2 = 12.5−14.5 μm. The water droplets
stabilized by quercetin particles at pH 7 were larger than those
at pH 3 at the concentrations of 0.06 and 0.14 wt %.
Interestingly, at 0.5 wt % for both particles, the size of water
droplets did not vary much on changing the pH. The ζ-
potential measurements suggested that both types of particles
would have a greater (negative) charge on attaching water at
pH 7, which may reduce particle surface activity and increase
interparticle repulsion, explaining the decreases in emulsifying
capability.
Confocal images of emulsions in Figures 9 and 10 show how
water droplets were surrounded by a dense layer of curcumin
(red) or quercetin (green) particles, conﬁrming the prefer-
ential location of the polyphenol crystals at the W/O interface.
The brightness in the images was due to the autoﬂuorescence
of the polyphenol particles. Furthermore, some droplets
appeared to be not completely spherical, which is another
indication of Pickering stabilization.38 For curcumin-stabilized
emulsions, some small particles appeared in the continuous
phase of oil, agreeing with the results from light scattering
(Figures 5a and 7a at pH 3 and 7, respectively) and
macroscopic observations of the emulsions that a signiﬁcant
amount of curcumin particles remained unabsorbed, that is,
dispersed in the oil phase. This agrees with the predictions of
the contact angle measurements and calculated ΔGd discussed
above, as well as the particle size distributions in Figure 2.
Curcumin is more hydrophobic and more compatible with oil
than quercetin, whereas larger crystals of either should have a
very large energy barrier to detach from the interface.
To further verify the claim that the curcumin- or quercetin-
stabilized systems were Pickering emulsions, images were
collected at diﬀerent depths of focus on a single large droplet
as shown in Figures 11 and 12. The presence of a continuous
bright ring at the W/O interface demonstrates even more
clearly that water droplets were covered by curcumin or
quercetin particles. Moreover, the size and shape of the
particles at the interface were assessed by zooming in to a
speciﬁc region. Quercetin particles had their rodlike shape and
Figure 10. Confocal images of W/O Pickering emulsions (5:95 wt % w/o ratio) stabilized by quercetin (green) particles at diﬀerent
concentrations: 0.06 (a), 0.14 (b), 0.25 (c), 0.5 (d), and 1.5 wt % (e). The pH of the aqueous phase was adjusted to pH 3. The scale bar is equal to
20 μm. The brightness in the images is caused by autoﬂuorescence of the quercetin particles (405 nm excitation).
Figure 11. Confocal images of W/O Pickering emulsions stabilized by
0.14 wt % curcumin particles. The arrows indicate the sequence of
images collected at the depths of focus in order to visualize the
particles at the W/O interface. The brightness in the image is caused
by autoﬂuorescence of the curcumin particles (488 nm excitation).
Figure 12. Confocal images of W/O Pickering emulsions stabilized by
0.14 wt % quercetin particles. The arrows indicate the sequence of
images collected at the depths of focus in order to visualize the
particles at the W/O interface. The brightness in the image is caused
by autoﬂuorescence of the quercetin particles (405 nm excitation).
Langmuir Article
DOI: 10.1021/acs.langmuir.8b01438
Langmuir 2018, 34, 10001−10011
10008
formed a denser layer at the interface, whereas curcumin
particles had their polyhedral shape, in agreement with the
images of the particles in oil observed previously (Figures 3
and 4, respectively).
Interfacial Shear Viscosity (ηi). Interfacial shear viscosity is
a useful way of monitoring the formation and structuring of
adsorbed ﬁlms.39 It gives information about structural and
compositional changes within the adsorbed layers and how the
surface behavior can be related to the aspects of the formation
and stability of emulsions.28,40 Figure 13 shows the eﬀect of the
presence of curcumin or quercetin particles dispersed in
nonpuriﬁed oil on the mean values of interfacial shear viscosity.
A control experiment with nonpuriﬁed oil and Milli-Q water
(pH 3) was performed, but ηi was equal with 0 N s m
−1 even
after 24 h. Thus, the addition of curcumin or quercetin
particles at 0.14 wt % caused an increase in ηi. In the presence
of curcumin particles, the rate of growth of ηi was very slow at
the beginning of the experiment (i.e., up to at least ≈7 h of
adsorption), but after 24 h, ηi had increased to 1.2 N s m
−1. In
contrast, in the presence of quercetin particles at the same
concentration, ηi increased signiﬁcantly right at the beginning
of the experiment and was still increasing even after 24 h of
adsorption (>20 N s m−1). This suggests stronger accumu-
lation of quercetin particles at the interface and/or stronger
interactions between the particles at the interface compared
with curcumin particles. This might be attributed to the larger
aspect ratio of the quercetin particles giving higher desorption
energy per unit mass and allowing more eﬃcient packing at the
interface (Figure 10). The curcumin particles were much
smaller (d3,2 = 0.2 μm) and polyhedral in shape, giving lower
desorption energy per unit mass while at the same time less
eﬃcient particle packing at the interface (Figure 9). On the
other hand, because both curcumin and quercetin particles are
denser than oil, the curcumin particles will also take longer to
fall and settle at the interface in the interfacial shear viscosity
experiment.
Fat crystals and mono- and diglycerides that are present in
vegetable oils can inﬂuence the interfacial rheology of the
adsorbed particle ﬁlms.28 On the basis of the literature, the
coadsorption of mono- and diglycerides tends to destroy high
values of ηi of particle ﬁlms because they tend to be more
surface-active than particles and displace them completely.28
For this reason, soybean oil was puriﬁed using aluminum oxide
in order to remove any surface-active components that may
aﬀect the interfacial shear viscosity results. Experiments with
curcumin and quercetin particles dispersed in puriﬁed oil are
shown in the Supporting Information, Figure S4. The same
trends were observed in puriﬁed oil as with nonpuriﬁed oil
(Figure 13), indicating that the surface-active materials in the
oil did not aﬀect the interfacial viscosity signiﬁcantly.
■ CONCLUSIONS
We have demonstrated for the ﬁrst time that W/O emulsions
can be stabilized with curcumin or quercetin particles, which
were both suﬃciently hydrophobic according to the contact
angle measurements. Microstructural evaluation at various
length scales revealed that quercetin particles had a rod shape
and larger aspect ratio than curcumin particles, the latter
having a polyhedral shape. Neither of particle dispersions
signiﬁcantly suppressed the interfacial tension again, indicating
a Pickering stabilization mechanism.
When preparing W/O particle-stabilized emulsions, a low
concentration of particles (0.06 wt %) was not able to cover
the water droplets fully, whereas at a much higher
concentration (0.5 and 1.5 wt %), a signiﬁcant proportion of
particles still remained unabsorbed, leading to aggregation of
water droplets and particle sedimentation. An optimum
concentration of particles with the smallest water droplets
and fewer free particles in the continuous phase was identiﬁed
at 0.14 and 0.25 wt % for quercetin and curcumin, respectively.
Increasing the pH of the aqueous phase from pH 3 to pH 7
gave more coarse emulsions, possibly related to an increase in
the magnitude of the ζ-potential (more negative) of the
particle surface when in contact with water. Interfacial shear
viscosity results also show stronger ﬁlm formation at the
interface because of stronger interactions between the
quercetin particles, possibly because of their larger size and
higher aspect ratio. Therefore, we suggest that particle
stabilization of W/O emulsions may be imparted by
biocompatible polyphenol crystals of appropriate size, shape,
charge, and wettability. As such, this work should have broad
implications in the rational design of stable W/O or double
emulsions for various soft matter applications, such as food,
pharmaceuticals, personal care, agriculture, and so forth, and
have implications for the behavior of such polyphenol crystals
in food processing and even their digestion. Work is currently
ongoing on the process and storage stability of the emulsions.
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